This report outlines the background to the development of an automated, serial, discrete centrifuge, reporting on the criteria considered essential in such an instrument. We established the criteria by examining the detailed logistics of centrifuge operation in a hospital laboratory. The mean sample load per run, using six centrifuges, was 13.6 samples, and the user-selectable cycle time ranged from 00:01:10 to 00:12:33 (hours:minutes:seconds) with a fixed g value of 1050. During the laboratory working window, (0900 -1700), only 50% of the centrifuge capacity was utilized and more than one-third of the sample workload was delayed for >5 min because the centrifuges were not emptied promptly. In addition, 35% of the sample workload was centrifuged for less than the time prescribed in the operational specifications. Based on these findings, we designed a new continuous, serial centrifuge to overcome some of the deficiencies noted in the logistics study. The centrifuge operates continuously, nominally treating 150 samples/h, with a cycle time of 5 min at 1000g. The cycle time and g value are variable between limits, and their selection governs the throughput rate. Each sample is centrifuged separately in individual rotors mounted in a sturdy carousel with a periphery that traverses a load/unload station. There is no sample delay because of operator absence, and the capacity is fully utilized. The centrifuge can operate in a stand-alone capacity or has the capability of being integrated into a sample preparation system or as a direct front end for highthroughput analyzers.
There are three clearly separated functions in a clinical laboratory: sample receipt and preparation, analysis for requested constituents, and recording and manipulation of the data generated. The latter two activities are now covered adequately by the use of automated analyzers and relevant information technology. The sample receipt and preparation activity is only now receiving attention. The adaptation of pipetting stations, standardized phlebotomy procedures and the associated blood collection tubes, and track transfer of samples between different sections of the laboratory is being implemented to maximize throughput.
One of the most difficult operations to automate is the process of centrifugation; this is because of the batch processing procedure that is inherent in the operation. Any centrifuge must be stopped to load and unload samples, and the operation is very labor-intensive. The choice of optimal sample numbers to be included in a centrifugal cycle in a conventional centrifuge is conditioned by several factors: (a) the need to provide samples at a rate that will satisfy the analysis rate of the major analyzers used; (b) the sample capacity of the centrifuge(s) available; (c) the rate at which samples are sent to the laboratory; (d) the need to make provision for urgent or emergency samples; and (e) the desired turnaround time of analytical results. Thus, in an extreme case, if a single centrifuge holding large numbers of samples is used, then there is the possibility of substantial delay if a single urgent sample must be processed. Alternatively, the use of multiple low sample capacity centrifuges generally has higher cost implications because of capital expenditure allied with increased maintenance costs. An additional consideration when using multiple centrifuges is the space required to accommodate these.
The first part of the study reported here examines the detailed logistics of centrifugation operation; the second part describes the development, construction, operation, and potential application of an automated centrifuge. The aim of this development was to produce an instrument capable of increasing sample throughput, with a minimum of sample handling by staff, and to provide samples of consistent quality.
Special Report

Methods
The laboratory studied serves the clinical chemistry demands of a medical undergraduate teaching hospital of 600 beds. The period of study was the usual daytime (0900 -1700) operating window, with emergency, evening, and weekend hours supported by a separate laboratory. Five staff are employed in the sample receipt and preparation area and use six bench-top nonrefrigerated centrifuges. These are made up of four 28-place and two 16-place instruments. The centrifuges are initially preset to run at 1050g (3400 rpm) for 10 min, but run time can be overridden by the operator to deal with urgent demands. This usually means that centrifugal periods of Ͻ10 min may be used. This freedom of action may potentially cause problems if subsequent operators do not reset the spin time to the designated value. Thus, low spin times may lead to inadequate separation of plasma/serum from red cells, which possibly will then compromise the accuracy of some subsequent analyses.
Using a 24-h clock that records and calculates data as hours:minutes:seconds, the following times were noted for each centrifuge to the nearest second:
1. Start load time (SL). 2. Finish load time, which is equivalent to the centrifuge start time (FL). 3. Centrifuge finish time (CF). This is the time at which the centrifuge stops rotating. 4. Staff wait time (SW). This is when staff are in attendance at the centrifuge before it stops. 5. Start unload time (SU). 6. Finish unload time (FU).
From these times, data can be calculated for each centrifugal run:
1. Loading time (LT) ϭ FL Ϫ SL. This is the time needed to load samples, including time to balance rotors. 2. Centrifugation time (CT) ϭ CF Ϫ FL. This is the time the centrifuge is actually rotating. 3. Staff wait time (WT) ϭ SU Ϫ SW. This is the time lost when staff are waiting for the centrifuge to stop. 4. Unloading time (UT) ϭ FU Ϫ SU. This is the time needed to unload samples. 5. Centrifuge delay time (DT) ϭ SU Ϫ CF. This is the time during which the centrifuge is loaded and in the stopped mode. 6 . Operation time (OT) ϭ FU Ϫ SL. This is the total time from the beginning of loading to the end of unloading.
Embedded within the timing CT is the time taken for the centrifuge to run up to, and down from, the designated spin speed.
In addition, the number of runs and the total and mean number of samples per run were obtained. The data were recorded by a single observer. This may introduce some observational timing errors, but multiple human recorders tend to interfere with the operations being recorded because of human spatial conflicts. Use of video recorder surveillance was considered, but previous experience within this laboratory has shown that acceptance of this mode of operation requires a period of training on the part of the staff being observed, who tend to react in nontypical ways in early observations.
A partial examination was also made of the time needed to process the samples immediately before centrifugation. This procedure involved opening the combined request form/bag, checking compatibility of request form and sample tube, bar-coding the form and tube(s), and racking the tube(s). Only a limited number of these observations were made because the primary purpose of the investigation was to examine centrifuge logistics and a single observer was unable to cope with too many concurrent observations and measurements.
In cases in which data were not recorded-for example, when staff did not attend the centrifuge before it had stopped (SW), or when observations were missed-a blank record (cell) was returned. Each set of data for individual centrifuges was analyzed using a Lotus 123 spreadsheet, followed by a similar analysis for the total data from all six centrifuges for the whole daytime operation (0900 to 1700).
Graphical x-y plots were made, with the x-axis as the 24-h clock time, as follows: Cumulative run vs sample number bar charts for the number of samples centrifuged were also plotted. The purpose of these plots was to determine whether any particular trends or groupings of results could be established relative to the time (24-h clock) at which the operation was performed.
Results
The results shown in Table 1 are those for all six centrifuges used in 84 centrifugal runs performed within the laboratory operating window of 0900 -1700. The data calculated were very similar to those of Godolphin et al. (1 ) , who showed a mean load size of 8.0 samples and a mean cycle time of 15.2 min. Within a total operating time of 25:56:16, it was surprising to find that almost one-third of this was attributable to the centrifuges standing idle and loaded. Even when taking into account the skewness apparent in the data, which is evident from the statistical data provided, these delays give rise to concern. It is also clear that the staff make substantial use of the freedom to change the centrifugal rotation time. As might be expected, the load times are greater than the unload times because of the need to sort tubes when loading and to carry out a balancing operation. There were one or two instances during loading when the operator was interrupted, which gave the appearance of long loading times and produced skew in the data. Table 2 shows data extracted from the centrifuge delay timing, i.e., the time during which the centrifuge was stationary with samples inside, and illustrates the percentage of workload delayed because of centrifugation. Ten percent of the workload was being delayed by Ͼ20 min, and this delay was attributable entirely to the centrifuge standing loaded and idle.
The percentages of centrifugal runs that did not complete the centrifugal spin time set by the senior professional staff of the laboratory are shown Table 3 .
A summation of the small study carried out on precentrifugal sample preparation is shown in Table 4 . The performance of the staff was consistent, as was the batch size handled. This size was conditioned largely by the amount of bench space available at any time. The time of 29 s/sample does not include time given to entering patient identification and analytical request information into the laboratory information management system.
A cumulative plot of centrifugal runs vs number of samples in each run is shown in Fig. 1 . It is clear from this plot that there was substantial redundant capacity in the operation of these centrifuges. Assuming that all rotors had a capacity of 28 places and that each centrifugal run was performed with all capacity utilized, then fewer centrifuges would be required. The other feature of this plot is the catholic nature of the selection, by the staff, of the capacity to be used There are no obvious plateaus indicating preference, and the loading is conditioned by expediency. 20  00Ϻ10Ϻ33  31  20  00Ϻ11Ϻ00  33  35  00Ϻ14Ϻ08  24  20  00Ϻ13Ϻ27  40  37  00Ϻ17Ϻ41  29  30  00Ϻ10Ϻ50  22  30 00Ϻ12Ϻ26 25
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Discussion
The data summarized in Table 1 allow several different measurements of the efficiency of centrifuge operation. As one example, the efficiency of the observed centrifugal cycle is given by: If the delay time can be totally eliminated, then the actual centrifugal cycle will be 100% efficient. This does not take into account the load and unload times, which could probably be reduced further by use of automated technology.
Two other measures of efficiency can be calculated. Because there are six centrifuges working within an operating window of 8 h, then there are 48 centrifuge hours available. Of these, only 25:56:16 were used, thus giving an efficiency of only 54%.
Even this is not a true overall measure because it does not take into account the number of sample places. The total capacity is given by the number of sample places multiplied by the time available. There are 116 centrifuge places available [(3 ϫ 28) ϩ (2 ϫ 16)] during an operating window of 8 h. This equates to 55 680 tube minutes. There were actually 84 centrifugal runs with a mean operation time of 00:18:32, very similar to that noted by Godolphin et al. (1 ) and a mean sample load of 13.6 samples. This reduces the overall efficiency to 37.9%.
The two main reasons for these low efficiencies are the delay inherent in the staff not emptying the centrifuge immediately after it has stopped rotating and the less than optimum batch size. An examination of the graph of sample delay time vs 24-h clock time shows no particular trends or features that might point to operational constraints on the staff. The delays are completely random in nature and could have been triggered by the need to deal with telephone calls, measurement of urine volumes, or the discussion of problems with other sections of the laboratory. The best way in which this factor (centrifuge unload delay) could be minimized is to use some form of automation.
The plot of centrifugal rotor spin time vs 24-h clock time showed wide variability ranging from 00:01:10 to 00:12:33 per run, with the lower values accumulating at the end of the working window. Approximately 35% of the samples were centrifuged for less than the time specified by the senior professional staff (Table 3 ). This suggests that operational staff are using the facility to change spin time to expedite work at the end of the day, possibly prejudicing sample quality as a result.
Plots of the load time, unload time, and total operation time for each centrifugal run vs 24-h clock time showed no cardinal features that would suggest that the overall process of centrifugation was subject to the intrusion of structured outside factors. Nevertheless, these times could be made more consistent and efficient by the use of automation.
It is interesting to note that in only 3 of the 84 centrifugal runs recorded were the staff in attendance at the centrifuge before it had stopped. This is, therefore, not an important consideration in centrifuge activity because the staff were usually employed elsewhere during the majority of centrifugal runs.
The mean run time was 00:18:32, and with a mean load of 13.6 samples/run, then the centrifugal cycle time was 82 s/sample. Given the sample preparation time of 29 s, improvements in the centrifugal cycle will, therefore, represent substantial operational gains.
The principal conclusions from this part of the study are: Attention to these factors should increase the efficiency and quality of centrifuge operation.
centrifuge development
To understand the logistics of centrifuge operation, it is valuable to consider extreme cases to establish principles. Therefore, consider an ideal laboratory in which samples are presented at the regular rate of 1 per minute (480 per 8-h day), and that the centrifuge available has 200 sample places, with a centrifugation spin period of 10 min. If this centrifuge is used to full capacity, then early samples will be delayed until the centrifuge is full. However, there will only be one run-up/run-down sequence and one load/ unload operation, thereby using staff efficiently. At the other extreme, for example, if 10 centrifuges with a capacity of two samples are used, there will be a minimum delay for sample throughput but at a high cost in operator time because of multiple run-up/run-down and load/unload sequences. It was observed that the rate of sample input to the laboratory ranged from 44 to 268 samples per hour. However, the highest input rate of 268 samples was within the last hour of the working day, and these samples arrive too late to be analyzed that day because the analyzer used has substantial shutdown time. Because they are not emergency samples, then any results generated from analysis would not be clinically utilized until the next day anyway. Examination of the other recorded hourly input rates suggested that a target value of 150 samples/h would handle the workload investigated in this study, presupposing that the process of centrifugation operates at maximum efficiency with a continuous activity at the centrifuges.
There is a minimum delay time for the appearance of the first sample, which is conditioned by the need to provide an adequate separation of erythrocytes from plasma or serum. Based on practical experience, a minimum would be ϳ5 min. Allowing for load/unload time on the order of 30 s, then the first sample can be dealt with in Ͻ6 min. Thereafter, a continuous sample throughput of up to 150 samples/h allows completion of a 1000-sample workload within 1 working day.
As a result of the conclusions reached in the earlier part of this study, it was concluded that all activities should be automated, saving staff time and potentially improving sample quality; that the centrifuge should run continuously, providing minimum sample delay; that the rate of throughput should be on the order of 150 samples/h to meet the demand of 1000 samples/day; that each sample should be centrifuged separately, thereby reducing individual sample throughput time; that loading/unloading times should be small and consistent, thus providing maximum time at the designated g value; that spin speed and time should be user variable to allow flexibility in operation; that spin period should be short to decrease cycle time; that there should be minimum delay in emp-tying the centrifuge after centrifugation is complete, thereby reducing time for subsequent sample presentation to the analyzer; and that the incorporation of the instrument into existing procedures should cause minimal disruption.
A new continuous, serial, discrete centrifuge, the Multifuge, has been developed by Laboratory Automation Development & Services; this centrifuge meets many of the operational requirements of routine clinical laboratories and fulfils the development criteria listed above. The most important feature is that it allows centrifugation of conventional blood collection tubes up to a diameter of 16 mm and a length of 110 mm and does not require the additional complications of robotic arm ancillaries. It is a single modular unit; therefore, as far as the laboratory is concerned, it is plug-and-play technology requiring minimal changes to the laboratory's current operational systems.
The Multifuge operates by centrifuging each sample as a discrete entity in individually sealed rotors mounted in a rotating carousel. The carousel carries multiple rotors. Each rotor holds only one sample. The carousel turns to present each rotor at a built-in load/unload position while still allowing centrifugation to continue for other samples already loaded. Thus, there is continuous serial input and output. The principle is shown diagrammati- Clinical Chemistry 45, No. 11, 1999 cally in Fig. 2 . Power to each rotor is supplied via permanent magnets built into the rotor as it passes stator coils. Thus, during the rotation of the carousel, each rotor becomes a separate DC brushless motor. Each rotor is fully powered when it is in juxtaposition to the stator coils, with some short-term loss of power as the rotor transits from one stator to the next. This interval is very small, and to all practical intents and purposes, the power application is continuous. The centrifuge is designed to operate at user-selectable rotor speeds of between 4000 and 6000 rpm, yielding 900-1900g. Lower speeds may be selected if required, and the rotor has been tested up to 24 000 rpm. This centrifuge contains 12 rotors, and it is the equivalent of 12 separate centrifuges in which the loading capacity is fully utilized, providing samples are available. The only instance of reduced efficiency of operation arises if the centrifuge is not kept continuously fed with samples.
The carousel carrying the individual rotors can itself be rotated around any axial position ranging from vertical to horizontal, but this choice can only be made at the point of manufacture and is not user selectable. The current instrument deploys the carousel around a horizontal axis. The horizontal axis was chosen because this effectively reduces the footprint size. Irrespective of which angle of axis is used, the individual rotors are loaded or unloaded when the rotor is suspended along a horizontal axis and the sample carrier is at its lowest position. This allows the rotor to be stopped in a vertical position, so that the opening of the sample carrier door allows the sample to drop under the force of gravity into a waiting holder to exit the centrifuge.
In a conventional swing centrifuge during centrifugation, a sample tube usually is parallel to the radius of rotation (i.e., at right angles to the axis; Fig. 3A) ; for a fixed angle centrifuge, it can be at any angle up to 90°to the radius of rotation (Fig. 3B ). In the conventional swing centrifuge, the sample is in the same plane of rotation, but for a fixed angle instrument, the sample intrudes into a plane that is at an increased angle to the plane of rotation, thereby increasing the space envelope required. In an axial centrifuge, the sample rotates around an axis that is parallel to the sample tube, and this axis runs either through the center of the tube diameter (Fig. 3C, i) or an external point (Fig. 3C, ii) . The g force field geometry applied to the sample and developed for this new centrifuge enables high sample throughput rates without the use of excessive or prolonged centrifugal force. The sample position is illustrated in Fig. 3D . This geometry and operation act to give the double advantages of angled centrifugation and the ability to allow the sample to swing to an upright position at the end of the cycle. The position of the sample in the rotor relative to the axis of rotation is not 90°radial but at a smaller angle. The optimum angle was determined experimentally by stroboscopic examination of the process of matrix/cellular separation under various time and spin speed conditions. The use of deliberately angled tubes gives the benefit of reduced centrifuge spin time because of the shorter sample pathlength needed to achieve centrifugal separations. The use of angled centrifugation in a single plane coincidentally reduces the space envelope requirements for the rotors.
The requirement to balance the centrifuge rotor is minimized because each rotor has a built-in imbalance, which when a sample is loaded effectively balances the rotor. The amount of imbalance required was determined from a study of the tube sizes and tube fill characteristics actually used in several different laboratories. In practice, the weight of the rotor relative to the spread of sample/ tube weights is very large. This has allowed centrifugation without the need to balance each sample.
In its present hardware configuration, using 12 rotors, the centrifuge time can be controlled by the user by changing the carousel rotational speed, to give individual sample cycle times ranging from 2.5 to 30 min. This selection is directly related to the sample throughput rate and in its suggested mode of operation allows a throughput rate of 144 samples/h with a sample cycle time of 5 min. This throughput rate can be increased either by reducing the sample cycle time or by increasing the number of rotors used. The relationship is given by: The number of rotors can be increased by making hardware changes at the point of manufacture, but this increases the footprint. The centrifuge is controlled by any conventional personal computer. Individual rotor speeds are also user selectable up to a limit of 6000 rpm. This means that, if required, all of the rotors could be running at different speeds within one rotation of the carousel. The serial nature of working allows for accurate tracking of samples. This is a useful feature when dealing with current inquiries about the analytical status of a particular sample. The use of a personal computer as a front end allows password-protected operation to enforce centrifugal patterns as directed by senior staff.
In the present model, sample presentation is from an endless belt, moving around two fixed fulcrum points. The distance between these points are user configurable between 25 cm and 3 meters, allowing more than one operator to access the loading function at the same time.
Understandably, the first attempt to automate the process of centrifugation would use as its model an adaptation of manual handling. Thus, a robotic arm would provide pick and place operation to load and unload a centrifuge (Zymark). Although this approach is valid, it is an expensive option, requiring both a freestanding robotic arm and modifications to standard cen- trifuges so that thecentrifuge can be stopped at a position that can be recognized by the loading/unloading robot. The actual order of placement or removal from the centrifuge is not important if bar-coding is used and there is a reader within the overall procedure.
This approach is likely to require more than one centrifuge if a continuous function is required because of the delays inherent in sample loading and unloading by robotic arms. Using more than one centrifuge means that one machine can be running samples while the other is being unloaded/loaded. It does not answer the problem of dealing with emergency samples when the loaded centrifuge may have only one or two samples in process, causing delays to the more routine samples. More importantly, the use of multiple units might reduce overall reliability and increase capital costs.
There have been other interesting approaches to the problem of providing serial centrifugation of discrete samples. These use axial centrifugation. In the first approach, samples are spun around their own longitudinal axes (1, 2 ) necessitating high speeds because of the short pathlengths; in the second approach, samples are spun around an external pivotal point (3 ) . In both approaches, the separated blood sample is distributed on the side walls of the sample tube and not at the bottom of the tube, as it is in radial centrifugation in which the sample tube is at right angles to the axis of rotation. In both cases, special blood collection tubes are required that are unique to the separation process and to the stabilization of the separation.
Tube handling is by conventional robotic arm pick and place (1 ) or in a self-contained unit (2 ) . Both systems have a single sample centrifugation time (cycle time) of ϳ1 min and, therefore, a sample throughput rate of ϳ60 samples/h. This is clearly too slow to match the analytical rate of multichannel analyzers unless multiple units are used. There is also available (4 ) a system of automatically processing a whole blood sample into measured aliquots of plasma, but this is not a serial continuous activity and would not be easily accommodated into the routine of a clinical laboratory.
There have been some attempts at automated centrifugation in which the centrifugation is inextricably incorporated into the analytical system. The developers have combined centrifugation and analysis into a single unit (5, 6 ) . The main disadvantages lie in the slow processing rate per sample and in the high cost of individual units, although the slow process rate is mitigated by the removal of the centrifugal step as a separate entity. An additional problem is that the whole blood samples must be loaded individually into the unit(s) with the attendant safety issues. A major advantage is that the operation can be carried out by staff with minimum training.
The main disadvantage in all of the above approaches lies in the high cost and the need to change the blood sample collection systems in hospitals or clinics. In addition, the system uses axial centrifugation with its associ-ated slow sample throughput rate unless multiple units are used.
A complete laboratory automated system uses automated centrifugation. This procedure usually is based on batch centrifugation incorporating an XYZ robotics sample loader/unloader for the systems currently available. In the Coulter instrument, for example, the centrifuge load capacity can be variable set by the user and can operate with a minimum of two samples. However, if this low workload choice is used, then access to the centrifuge is denied for the time of centrifugation. Optimizing this process for large and variable sample input is difficult and can be compromised. Although the overall throughput capacity can be as high as 500 samples/h, this is not generally required except in laboratories with very high workloads. User selection of an inappropriate load size (which is fixed for a specific time period) can lead to built-in delays. The Bayer Lab-Cell also provides automated centrifugation, but like the Coulter system, it uses a robotic adaptation of conventional batch centrifuges.
There are four ways in which the new centrifuge described here can be used: 1) As a stand-alone unit, designed to replace existing batch centrifuges used in laboratories handling large numbers of samples. For example, in clinical, pharmaceutical, or environmental laboratories. This is effectively plug-and-play technology, using existing sample tubes, and requires little modification of current operations. Its application gives the advantages of reduced overall footprint, continuous unattended operation, and minimal delay times for the centrifugal process. Samples of consistent quality should be produced by automation and elimination of human intervention. 2) As a modular device in conjunction with a complementary item of equipment such as a sophisticated pipetting station. In this instance, the use of the continuous centrifuge supports improvements in automated sample aliquotting and sorting. 3) As an integrated front end for major multichannel analyzers. Unlike the use as a stand-alone instrument, there is a potential for the centrifuge to be incorporated directly into the main analyzers used in the laboratory. This would bypass the conventional sample receipt and preparation area and thereby improve the general efficiency of the laboratory. 4) As part of a modular system of complete laboratory automation or as part of a sample distribution track.
We consider that adoption of this new type of centrifugation will have substantial impact on the preanalytical operations in clinical laboratories, improving efficiency and quality. Use of this and other automated modules will start to address the much neglected area of preanalytical sample handling.
